Abstract. Wireless ad hoc networks usually consist of mobile battery operated computing devices that communicate over the wireless medium. These devices need to be energy conserving so that the battery life is maximized. The energy for transmission of a packet in the wireless channel remains quite significant and may turn out to be the highest energy consuming component of the device. So, an energy-efficient communication protocol can minimize maintenance and maximize system performance. We propose an Energy Aware Source Routing (EASR) which can be efficient from network long-term connectivity point of view. In this algorithm, multiple routing paths are selected. However, only one path will be used for data transmission at a certain time among multiple paths and each path has probability to be selected. In EASR, the routing paths will be discovered without overlapped. In addition, each path hardly overhears other data transmission. We define an overhearing ratio in order to reduce the overhearing energy waste among each selected path. And we show how establish energy efficient multiple paths by making use of overhearing ratio. Our simulation results show that our proposed scheme can achieve magnitude improvement of network lifetime and reasonable packet latency time.
Introduction
In wireless ad hoc networks, the battery of the network devices may not be replenished. So, energy-efficient communication protocol is the most important key to prolong network lifetime. Almost all of conventional routing protocols in wireless ad hoc networks find only a single optimal path and use it for every communication. It reduces the delay of data communication. However, any single path is apt to be disconnected by energy depletion. If a communication route breaks off, then we have to discover another route to maintain data transmission from source to destination. This phenomenon brings about more number of trials finding another route. As a result, we hardly prolong the networks connectivity.
The Energy Aware Routing (EAR) is one of the best known protocol selecting suboptimal paths according to the probability calculated by energy metric [1] . Energy depletion can be prevented. However, it has another problem that the packet latency time can be increased because in EAR network nodes know sub-optimal single hop path to distribute traffic load. Therefore, we use multiple paths those are source-todestination paths in this paper. This is called Energy Aware Source Routing (EASR) protocol.
We tried to find multiple paths using the route discovery scheme of DSR [2] , but almost all of the found paths are overlapped because all of the duplicated RREQs are dropped by intermediate node. So, we need another way to find maximally disjoint paths. We can use the route discovery procedure of Split Multipath Routing (SMR) which introduces the different way of route discovery instead of dropping every duplicate RREQs [3] . The intermediate nodes forward the duplicate packets which traversed through a different incoming link. By this way we can establish disjoint multipath from source to destination. However, although they are not overlapped, the overhearing effect among paths can be occurred. It causes energy waste of each selected path. Figure 1 shows the overhearing effect among nodes on each selected path. In the figure, {s, j, i, h, g, f, d} is a set of nodes that belong to the path 1 between nodes s and d and data is transmitted on it. Assume that other paths 2 and 3 are set up by {s, l, m, n, o, p, q, d} and {s, a, b, c, k, e, d}. Some nodes {l, m, n, p, q, c, k, e} can overhear from the path 1 communication, then the energy of the node is wasted due to overhearing. The multiple paths communication has still the unnecessary energy waste problem. Consequently, we present an energy aware source routing with a disjoint multipath selection scheme. This protocol means that data communication would use different paths at different time, and not only those paths are not overlapped but also the overhearing effect can't be occurred among the paths. We design a simple route discovery procedure to solve overhearing problem. And we define an overhearing ratio to find out the level of energy waste from overhearing effect between the paths. The source can select multiple routes by measuring overhearing ratio of each path. If the overhearing ratio is too high, the path will not be selected by the source. It can increase the network lifetime. In addition, providing multiple paths is profitable in wireless ad hoc network where routes are failed frequently.
The remainder of this paper is organized as follows. Section 2 describes the related works. And we introduce our EASR protocol in Section 3 in detail. Simulation results are presented in Section 4 and concluding remarks are made in Section 5.
Related Works
Finding an optimal single path is a normal approach of routing protocol for wireless ad hoc networks but it needs to be changed to prolong network connectivity.
Dynamic Source Routing (DSR) is an on-demand routing protocol for wireless ad hoc networks [2] . If any nodes want to send data packet, they flood a route request (RREQ) into the network. Any node that has a path to the destination can reply with the route reply (RREP) to the source. RREP packet contains the entire path, so the data packet can be sent properly. Almost all of the ad hoc routing protocols always use a single optimal path. Even though they use a single energy efficient path, which can deplete node energy locally and so the network is easy to be disconnected. Consequently, the source needs to flood RREQ into the network to discover another path again. Split Multipath Routing (SMR) was proposed for wireless ad hoc networks [3] . The route discovery scheme of SMR is the best way to find maximally disjoint paths. It uses the source routing protocol approach where the information of the nodes that consist of the route is included in the RREQ packet. In SMR, instead of dropping every duplicate RREQ, the intermediate nodes forward the duplicate packets, if they are traversed through a different incoming link. And the hop count of new arriving RREQ is not larger than that of the first received RREQ. However, although they are not overlapped, we have observed in our experiments that the overhearing effect among paths is occurred. Figure 2 shows the results of the route discovery procedure of the various protocols.
Proposed EASR Protocol

Route Discovery
The Energy Aware Source Routing (EASR) is an on-demand routing protocol that builds multiple paths using request/reply cycles. In our algorithm, the source can select multiple disjoint paths so that the overhearing effect among paths would not be occurred. The route discovery procedure of EASR is similar to that of SMR. Disjoint multiple paths can be maintained from source to destination. However, SMR selects the paths which are just disjoint only, while EASR selects the paths which can avoid overhearing effect among them using the neighbor information that is gathered from the route reply (RREP). Whenever the source transmits data to the destination, the source chooses one of the good paths according to probabilistic fashion to prevent energy depletion.
Route Request. Our scheme has to discover maximally disjoint paths in order to avoid unnecessary energy consumption of nodes on the paths due to overhearing effect among paths. So we use the same procedure of the route request of SMR. In SMR, instead of dropping every duplicate RREQs, the intermediate nodes forward the duplicate packets that traversed through a different incoming link. And the new arriving RREQ has to also satisfy the condition that the hop count of the duplicated packets is not larger than that of the received RREQ. It is worth to note that the route request of SMR is one of the best ways to find maximally disjoint paths in spite of the increase of the number of RREQ.
Route Reply. In our protocol, we assume that all of the nodes collect neighbor node IDs. In the on-demand routing protocol, the node IDs on the entire path are recorded in the RREP, and hence the intermediate nodes can forward the RREP using this information. In addition, EASR requires additional information for establishing energy efficient multiple paths. The protocol has two phases:
a) The residual energy of all intermediate nodes is recorded in the RREP. b) The neighbor list of each node is recorded in the RREP.
The neighbor list of each node is necessary to select good paths in the following route selection procedure. And the sum of residual energy of each path is gathered at the source node. A path selection probability of each path for the data transmission procedure will be calculated using the sum of residual energy of each path.
Route Selection. The main goal of our scheme is selecting energy efficient multiple paths from the point of view of energy-efficiency. We want to construct at least two paths that are not overlapped. Furthermore, each path has to keep a proper distance from the other paths to avoid overhearing effect among paths. Thus, we need a different procedure from the conventional on-demand routing protocol. First, the source node records a path of the first received RREP at the routing cache. Second, after the source receives other RREPs, the source decides whether the path information of RREP will be selected or not. If the path of RREP is overlapped or has experience in the overhearing effect, the RREP will be dropped. Except only the first arriving RREP, all of the new arriving RREPs should be considered whether they are selected or not. The following conditions make a new RREP is dropped.
a) The path of a new arriving RREP is overlapped with other paths that are selected already. b) The neighbor lists of a new arriving RREP are overlapped with other paths that are selected.
The first condition is absolutely necessary, so all RREPs included in this condition must be dropped in the source node. However, the second condition is flexible. We can adjust a threshold of overhearing ratio defined as
where R k is the overhearing ratio of the kth path which is already on a routing cache of the source node, in other words, the source node are already using the path for data transmission. And N x is a neighbor list of the node x, S k is the set of intermediate nodes which are included in the kth path. Additionally, S new is the set of intermediate nodes of new arriving RREP, and |S k | is the number of elements of set S k . Figure 3 shows the new arriving RREP can be dropped because of the overhearing effect. In the figure, S 1 is {a, b, c}, S 2 is {e, f, g} and S new is {l, k, j, i, h}. Next, N h , N i , By applying (1) to this case, we can acquire the value R 1 is 0.33 and R 2 is 2.33. Then, the source node needs to decide whether to select the path of new arriving RREP or not. In the case of the figure 3, if we set the threshold of overhearing ratio to 0.4, the new arriving RREP should be dropped. Since, the value R 2 is larger than threshold 0.4. That is to say, accepting a new path requires that all of the overhearing ratios of each path are lower than the threshold. Because overhearing ratio indicates the extent of the energy waste due to overhearing effect of selected paths.
Data Transmission
The source node sends data packets to the destination with the probability of the each selected path. This means that none of the paths is used all the time to prevent energy depletion. Thus we use a similar way with EAR. But EASR is a source routing scheme, thus we can consider the number of hops from source to destination because of delay perspective. Consequently the end-to-end packet transmission delay is lower than that of EAR. Each path is assigned by the probability of path chosen according to a simple metric given by
where P n is the probability of nth path, E n is energy metric of the nth path, and S is the number of whole selected routes. This simple metric can contribute low latency with high energy efficiency. As we mentioned before, the residual energy of all intermediate nodes is recorded in the RREP, so the source node can compute probability of each path. This energy metric E k computed as
where R k is the average residual energy of all nodes on the kth path, n k is the number of hops on the kth path. The weighting factors αand βcan be chosen to find the energy efficient path or the path with low latency.
The energy metric is a very important component of the proposed protocol. Depending on the metric, the characteristics of our scheme can be changed substantially. We use a simple metric that can reduce delay and energy waste.
Simulations and Results
The simulations were carried out in NS-2.28 to evaluate the proposed scheme in terms of network lifetime. Simulation model is defined as a network of 50 mobile hosts placed randomly within a 1000 meter × 1000 meter area, but the position of the sources and destinations is fixed in proper place in the simulation area. 5 sources and 5 destinations are selected randomly. Each source starts the data transmission at random time and it will stop after 100 seconds. However, the sources and destinations can not be neighbor of each other because in that case no routing protocol is needed. Table 1 shows the simulation parameters in detail. Figure 4 illustrates the number of live nodes with each protocol. We can see that EASR can prolong the network connectivity longer than comparable schemes such as DSR and SMR. In this simulation, we choose 0.4 for a threshold of overhearing ratio. It means that the overhearing effect is allowed only 40% of the entire path. Almost all of conventional ad hoc routing protocols such as DSR always use a single route. Even though they choose an energy efficient path, they can deplete the nodes energy locally. The path is susceptible to be disconnected. Therefore the source node of DSR needs to flood RREQ into the network to find another path again. It is observed that the number of live nodes is decreased dramatically when the route discovery procedure of DSR is used in networks. And, at 450 seconds, the source can't find any route to destination anymore. Unlike DSR, EASR discovers multiple paths and uses them for data transmission to prevent energy depletion. In addition the source node sends data to destination with the probability of each selected path. So we can see better performance when we compare EASR with SMR and DSR. In short, the performance of EASR is the best because the traffic load is distributed to multiple paths and each path can avoid overhearing energy waste. Figure 5 shows the number of live nodes of EASR according to the threshold of overhearing ratio. The large threshold value means that most of the paths can be selected for data communication even though wasted energy due to overhearing effect is serious. Otherwise, the small threshold value means that the overhearing effect is not allowed strictly. One of the most important things is adjusting threshold level. The small threshold can achieve good performance, but if the threshold is extremely small, the source can establish only one path in most of cases. Therefore it operates like DSR. As we saw the figure 5 the performance of threshold (0.1) is worse than that of threshold (0.4). In addition, if the threshold value is overly big as 1.5, then EASR operates like SMR. Figure 6 illustrates the end-to-end packet transmission time of each protocol. And we choose 0.4 for a threshold of overhearing ratio. Because DSR discovers a single shortest path, the performance is better than other schemes when the packet arrival rate is lower than about 80pps. However, according to increase of data rate, queuing delay is raised. The queuing delay makes the performance of each protocol worse. Especially, the end-to-end packet transmission delay of DSR is increased dramatically according to increase of data rate because DSR uses only a single shortest path for every data transmission. On the other hand, the data traffic is split into multiple routes in the case of SMR and EASR. Therefore the end-to-end packet transmission delay of SMR and EASR is increased slowly according to increase of data rate. 
Conclusions
In this paper, we presented the Energy Aware Source Routing (EASR) protocol for energy-efficient wireless ad hoc networks and analyzed its performance through simulations. We introduced the overhearing ratio as a proper factor to control overhearing effect of each path. Additionally data propagation of EASR is performed like EAR in order to saving battery energy of ad hoc device. However, EASR is ondemand source routing protocol, therefore the delay aspect is enhanced compared with EAR obviously. Besides, maintaining multiple paths is useful in wireless networks because the source can simply use other available route without performing the route recovery process.
